Mobility after spinal cord injury (SCI) is among the top goals of recovery and improvement in quality of life. Those with tetraplegia rank hand function as the most important area of recovery in their lives, and those with paraplegia, walking. Without hand function, emphasis in rehabilitation is placed on accessing one's environment through technology. However, there is still much reliance on caretakers for many activities of daily living. For those with paraplegia, if incomplete, orthoses exist to augment walking function, but they require a significant amount of baseline strength and significant energy expenditure to use. Options for those with motor complete paraplegia have traditionally been limited to the wheelchair. While wheelchairs provide a modified level of independence, wheelchair users continue to face difficulties in access and mobility. In the past decade, research in SCI rehabilitation has expanded to include external motorized or robotic devices that initiate or augment movement. These robotic devices are used with 2 goals: to enhance recovery through repetitive, functional movement and increased neural plasticity and to act as a mobility aid beyond orthoses and wheelchairs. In addition, lower extremity exoskeletons have been shown to provide benefits to the secondary medical conditions after SCI such as pain, spasticity, decreased bone density, and neurogenic bowel. In this review, we discuss advances in robot-guided rehabilitation after SCI for the upper and lower extremities, as well as potential adjuncts to robotics.
Introduction
Spinal cord injury (SCI) affects 17,700 people annually in the USA with a prevalence of about 300,000 people [1] . Worldwide incidence is estimated at between 250,000 and 500,000 annually [http://www.who.int/mediacentre/ factsheets/fs384/en/]. The goal of this narrative review is to summarize the current robotic rehabilitation devices being utilized in the rehabilitation of individuals with SCI as well as the scientific literature investigating their efficacy. The majority of articles found were small sample size studies or case reports; therefore, rather than definitively outlining proven benefits, we discuss emerging trends that are beginning to be noted and evaluated. The field of robotics and spinal cord injury is relatively new, and therefore, to report here on these early findings can provide direction for future studies. Both upper and lower extremity devices are reviewed here, and some potential adjunct therapies to robotic neurorehabilitation are also considered.
or the wrist and fingers, and can be categorized as either exoskeletons or robotic end-effectors. Exoskeletons are devices that align with and support the articulation of targeted joint(s), whereas robotic end-effectors simply contact users at the distal part of their limb [3, 4] . Both of these robot types can be used to deliver a high volume of high quality movement repetitions, which promote functional recovery and may potentially facilitate adaptive plasticity [5, 6] . Both also have the capability to reduce therapist burden and cost of care [7] . There are currently 6 robotic devices on the market as upper limb rehabilitation tools: Armeo, InMotion ARM/ WRIST, The Hand of Hope, ReoGo, and the Arm Light Exoskeleton (ALEx). See Table 1 for a description of the devices. We will describe these devices and discuss the literature surrounding their role in SCI rehabilitation.
Armeo devices (Hocoma AG, Volketswil, Switzerland) [https://www.hocoma.com/us/solutions/armeo-power/] were the first commercially available unilateral upper extremity exoskeletons for combined hand and arm rehabilitation. The devices include ArmeoPower for the most impaired users, ArmeoSpring, ArmeoSpring Pediatrics, and ArmeoSenso for the least impaired. The Armeo system is a well-documented and well-researched device and is the only device shown to lead to faster recovery after stroke compared to standard care [8] . In SCI, there are 2 studies which demonstrate the utility of this device for SCI rehabilitation. Rudhe et al. [9] demonstrated that the Armeo Spring is reliable as a clinical tool to measure movement workspace (subject seated in a chair, device is aligned on the arm, and area of movement is measured in the x (right-left), y (up-down), and z (far-close) axes) and to measure functional changes in the upper extremity during rehabilitation and can be clinically applicable within the Spinal Cord Independence Measure version III (SCIM III) (n = 28; ≥ 3 months; AIS C or D). Furthermore, Zariffa et al. demonstrated a relationship between clinical assessments of function and measurements from the Armeo Spring that further supports the use of these devices in a clinical setting without the need for a dedicated assessment tool [10] . It is important to note that these are still only pilot trials and that further studies are needed to demonstrate efficacy.
InMotion (Bionik Laboratories Corp., Toronto, Canada) [https://www.bioniklabs.com/products/inmotion-arm, https:// wwwbioniklabs.com/products/inmotion-wrist ] is a commonly used fixed frame upper limb rehabilitation robot. It was designed to provide high intensity and reproducible upper limb rehabilitation in adults and older children. The device is able to deliver assistance to user-initiated movements or perform movements with no user input. The InMotion WRIST can be used independently as a stand-alone device or combined with the ARM feature. This device has a visual feedback component where interactive games can be used to increase the quality of therapy sessions as well as keep the user engaged, according to the manufacturer. Research using this device for SCI neurorehabilitation is limited; however, 1 study by Cortes et al. [11] (n = 10; > 1 year; AIS A to D) demonstrated that after a 6-week (1 h/day, 3 times/week) training regimen, significant improvements in both aim and smoothness of movement were found. There were, however, no significant changes in upper-extremity strength, pain, or spasticity.
The Hand of Hope (HoH) (Rehab-Robotics Company Ltd., Hong Kong, China) is a neuromuscular rehabilitation exoskeleton designed to help users regain hand mobility. The hand and forearm are strapped into this molded device, which uses electromyography sensors on the forearm to control the hand for a number of different tasks. The HoH also has a visual feedback component: using biofeedback techniques to report to users the strength of their activated target muscles. This system was designed mainly for the adult population; however, children can also use the device so long as their hands meet the minimum size requirements. The HoH engages users by assisting them through the following activities: hand closing and opening; thumb, index finger, and middle finger closing/ opening; and middle, ring, and little finger closing and opening. This device has predominantly been used in the stroke population [12, 13] ; however, 1 case report investigated the feasibility and effectiveness of training with this device in a 56-year-old individual who sustained a SCI (AIS C) 26 years prior to inclusion in the trial [14] . The participant engaged in 20 2-h rehabilitation visits over a 10-week period using the HoH and demonstrated some improvements in clinical outcomes following completion of the intervention. Although pinch force did not improve over the course of the trial, the participant demonstrated a 45% increase in grip strength, a 10% improvement in his Graded and Redefined Assessment of Strength, Sensibility and Prehension (GRASSP) score as well as a 29% improvement in speed of completion, and a 22% improvement in the Box and Block test.
ReoGo™ (Motorika Medical, Caesarea, Israel) is a stationary fixed based, end-effector arm rehabilitation robot, which is capable of producing a wide range of reproducible movements in three-dimensional space. The ReoGo allows for movements at the elbow (flexion/extension), wrist (flexion/extension), and shoulder (flexion/extension; abduction/adduction; internal/external rotation). The ReoGo uses a real-time visual feedback monitor to display tasks and games for the user to perform. It has primarily been used for upper limb rehabilitation poststroke [15] ; however, a review of the literature revealed a single case study in SCI. This case study followed a 51-yearold man with an acute incomplete SCI (26 days; AIS D) who incorporated the ReoGo into a traditional inpatient therapy regimen for a total of 20 days (1 h of ReoGo per day) [16] . This individual demonstrated noticeable improvements in muscle strength (shoulder internal and external rotators measured using manual muscle testing), active range of motion (shoulder external rotation and elbow flexion/extension), Overall, these upper extremity devices have not been thoroughly studied in SCI populations and therefore lack strong scientific evidence to support their use. Furthermore, there appears to be little consensus on an appropriate outcome measure for upper extremity function for persons with tetraplegia. This gap in knowledge translates to an inadequate ability to capture small changes in physiological outcomes. More robust trials and established outcome measures can potentially be used, with further research and development, to develop therapies that promote large functional gains [17] .
Lower Extremity Robotics
Thoracic and lower SCIs can result in partial to complete paralysis of the lower extremities, and recovery can be limited. Independent mobility for many can only be achieved at a wheelchair level, although walking oftentimes remains a priority for recovery and improved quality of life [18] . Powered exoskeleton devices have emerged as potential upright mobility devices for those with both incomplete or complete paralysis. We will refer to ambulation with the use of exoskeleton as exoskeleton-assisted walking (EAW). Other conventional rehabilitation methods such as bracing with orthoses involve high physical demand on users, therapists, and support staff needed to train and use orthoses [19] . Even body weight supported treadmill training (BWSTT) is limited as it is not portable and therefore not useful for community ambulation. The benefits of BWSTT, such as the Lokomat (Hocoma, Switzerland), as a rehabilitation tool have been outlined and challenged extensively [20] , and will not be discussed in this section, but will be discussed as an adjunct robotic rehabilitative technique in the subsequent section. Powered exoskeletons have even been put forth as rehabilitation devices that can facilitate recovery by delivering fully weight-bearing, repetitive, symmetric locomotor training efficiently and in high volume [19] . Intense locomotor training may facilitate neuroplasticity, as has been shown in animal models [21] [22] [23] [24] in a dose-dependent manner [24] [25] [26] . Given that the development and use of powered exoskeletons is relatively new, the current evidence supporting their use and purported benefits has mostly been limited to single-intervention trials with few participants or single case reports. Here, we discuss these beneficial trends, keeping in mind that sample sizes are small, controlled trials on a large scale have not been conducted, trends can be based on subjective survey data rather than objective measures, and that therefore definitive conclusions cannot be reached. We present in 1 place a collection of the purported benefits using rigid, powered exoskeletons of the lower extremity with scope narrowed to the systems available in the USA between 2010 and 2018 that facilitate ambulation in individuals with both complete and incomplete SCI without body weight support. The benefits addressed include strengthening impaired muscles, improving walking speed and efficiency, and addressing secondary medical conditions following SCI such as spasticity [27] [28] [29] , pain [28, 30, 31] , changes in the cardiovascular system and metabolism [32] [33] [34] [35] [36] , bowel [27, 35, 37] , bone [34] , and overall quality of life [28, 30, 38] . Table 2 for descriptions of the reviewed exoskeletons.
Several individual studies on specific exoskeletons and feasibility have been conducted. For example, the systems ReWalk [27, 29, [39] [40] [41] [42] , Ekso [39, 43, 44] , Indego [45, 46] , Exo-H2 [47] , Arke [48] , and X1 Mina [49] have been found to be practical for use. In addition to investigations of feasibility, several reviews have explored outcomes that relate to the efficacy of EAW. These reviews compare different exoskeleton systems as tools for rehabilitation in the chronic SCI population [50] [51] [52] [53] [54] [55] [56] [57] . Parameters measured include time and frequency of sessions, steps taken, distance covered, time to don and doff devices, and overall competency with use. In addition, they evaluate multiple functional outcomes including the 6-min walk test, 10-m walk test, the Walking Index for Spinal Cord Injury version II (WISCI II) [58] , the Spinal Cord Independence Measure (SCIM II) [59] , Functional Independence Measure (FIM), and Timed Up and Go (TUG). Of these reviews, only Fisahn et al. [54] did not find EAW to be superior to conventional methods including BWSTT with or without electrical stimulation, stretching, and strength training; although the reviewed trials mostly looked at early generation exoskeletons prior to advanced modifications.
One meta-analysis by Miller et al. [60] investigated the safety and efficacy of the devices; including 14 studies (8 ReWalk™, 3 Ekso™, 2 Indego®, and 1 unspecified exoskeleton) with a total of 111 patients. The authors conclude that exoskeletons are safe to use and can contribute significant health benefits. However, the meta-analysis was later challenged with whether it contained duplicate subjects and studies, calling into question its results [61] . The following discussion evaluates many of the purported benefits and risks of EAW.
Spasticity
Spasticity is a common symptom after upper motor neuron spinal cord injury, defined as an increase in muscle tone and tendon reflexes [62] . Based on population sample studies, it has been found that from 66 to 78% of people [63, 64] reported spasticity following SCI, with a subset of, in 1 study, 40% reporting spasticity to be problematic (due to restricting activities of daily life and/or causing pain) [64] and in the other, 49% received treatment [63] . Improvement in spasticity with the use of EAW has been posited based on benefits described with BWSTT [65] ; however, some studies have also measured this directly. In an investigation by Stampacchia et al. [28] , 21 individuals with SCI (2-330 months; AIS A, B, or D) were assessed for spasticity before and after 1 40-min session of walking (7-25 min) in a powered exoskeleton (Ekso). Spasticity was measured using the Modified Ashworth Scale (MAS) [66] at the hip, knee, ankle flexors and extensors; the Penn Spasm Frequency Scale [67] ; and perceived level of spasticity was assessed with a Numeric Rating Scale of 0-10. Comparing pre-and post-values, scores on all 3 scales were significantly reduced. In another study involving EAW using the ReWalk [27] , 3 out of 11 subjects (≥ 1 year; AIS A or B) responded affirmatively to the questionnaire item: BUse of the device has lessened the spasticity in my lower limbs.^The MAS was also measured before and after each session (13-26 sessions total), and for each subject, the number of sessions where spasticity improved/worsened was reported. In 5 out of 12 subjects, spasticity improved in more sessions than it worsened, and in 2 subjects, spasticity worsened in a greater number of sessions than it improved; however, no statistical analysis was reported. Kressler et al. [31] reported no change in spasticity over the course of 18 EAW sessions in 3 subjects (≥ 1 year; AIS A), although the baseline scores of all 3 subjects was very mild (0-1 on the MAS). One subject did have clonus at the bilateral ankle that improved to mild clonus at the midpoint and end of testing. Finally, in a study by Zeilig et al. [29] , in response to a questionnaire item; BTraining with the device diminished spasticity in my legs,^the 6 patients (3-7 years; AIS A or B) expressed a mean score of 3.71 on the Likert scale, which represented a positive answer between 3) somewhat agree, and 4) agree. Overall, evidence has been largely based upon studies with small sample sizes and subjective reporting, but might indicate a positive effect of EAW on spasticity in some individuals with SCI. Further clinical trials are required before any firm conclusions can be made.
Pain
Chronic pain after SCI has been found to be prevalent in approximately 4 out of 5 individuals with spinal cord injury [68] and can be difficult to treat [69, 70] . Treatment can include both pharmacological and nonpharmacological interventions such as conventional physical therapy. Because chronic pain has been found to be refractory to treatment in 5-37% of patients [71] , the effect of powered exoskeletons on pain is of particular interest. Kressler et al. [31] reported that in the 3 participants in their study, all experienced a reduction in their moderate to severe at-level SCI neuropathic pain. Zeilig et al. [29] reported anecdotally and not part of the outcome measures in the study that 1 participant with severe chronic neuropathic pain at baseline had consistent improvement after each training session. Another example of pain reduction can be found in the Stampacchia et al. study from 2016 described above [28] , where among the 12 subjects who reported pain prior to EAW, a statistically significant reduction in pain scores was seen. Conversely, Kolakowsky-Hayner et al. [43] reported on pain caused by use of the Ekso powered exoskeleton in 7 individuals with SCI (≤ 2 years; AIS A). Some participants reported mild upper extremity pain/soreness, which the authors attributed to performance of a new exercise modality that uses the upper extremities for support. Additionally, 2 participants reported the presence of lower back pain with use of the exoskeleton, although it should be noted that the trial was conducted with an earlier model of Ekso, and hip extension range of motion is now more limited to prevent such pain. Overall, evidence is limited to case studies or investigations with small sample sizes, but may indicate a potential positive effect of EAW on neuropathic pain or a potential pain generator in the upper extremities, both issues worthy of further exploration.
Cardiovascular System
It has been found that persons with SCI have an increased and accelerated risk of cardiovascular disease, and within this population, cardiovascular disease has become a leading cause of death [72] [73] [74] . A major risk factor in cardiovascular disease is obesity which has a high prevalence in the SCI population due to decreased capacity for physical activity and exercise, decrease in lean body mass, and increase in fat mass including intramuscular adipose tissue. Obesity is part of a metabolic syndrome including abnormal lipid profiles and impaired glucose tolerance. Exercise is recommended as the first line to target these cardiovascular risk factors. Patients with SCI are limited in types of cardiovascular exercise due to paralysis and the tremendous exertion needed to use traditional gait orthoses such as hip-kneeankle-foot orthoses and reciprocating gait orthoses; however, powered exoskeletons may provide a viable alternative.
It has been shown that EAW increases heart rate and oxygen consumption in a manner that can serve as an effective means of cardiovascular exercise [32, 33] . In a study by Asselin et al. [32] , oxygen uptake (VO 2 ) and heart rate were recorded from 8 individuals with paraplegia (1.5-14 years; AIS A or B) during a 6-min walk test of EAW using the ReWalk. Average VO 2 and heart rate were significantly higher during walking than either sitting or standing; reaching approximately half of their maximal heart rate reserve, which represents a moderate level of exercise intensity. The observed rise in VO 2 also approached the American College of Sports Medicine's (ACSM) recommendation for minimal training threshold [75] . Moreover, by recording VO 2 from 5 subjects (mean, 11 years; AIS A) performing 6-min bouts of EAW using the Indego, Evans et al. [33] found EAW represented a moderate intensity exercise (3.0-5.9 metabolic equivalent of task units (METs)), which indicated that EAW may be beneficial to cardiovascular health. Similarly, Kozlowski et al. [35] showed that for 7 individuals with SCI (0.4-7.4 years; AIS A, B, or C) undertaking EAW with the Ekso device, elevations in heart rate, blood pressure and ratings of perceived exertion (RPE) [76, 77] were consistent with light to moderate exercise. However, Kressler et al. found that in 3 subjects (≥ 1 year; AIS A) who each completed 18 1-h sessions of EAW (3 sessions per week) energy expenditure during EAW indicated the activity was of light to very light exercise intensity and was not enough to be a sufficient source of exercise [31] . This study also showed that glucose and lipid markers did not change consistently during the course of the trial, but insulin resistance decreased consistently from baseline to the last week of training [31] . In a follow-up study by Kressler et al.
[36] involving 6-min bouts of high-intensity EAW, 4 individuals with SCI (2-4 years; AIS not reported) demonstrated a wide variation of energy expenditure that differed with the device's mode of assistance and participant characteristics. The device could be run in variable assist mode which allows the clinician to set the percent work the exoskeleton performs and allows for some participation from users based on strength and ability. Therefore, Kressler et al. [36] suggested that EAW could provide moderate intensity exercise when operating the Ekso powered exoskeleton in variable assist mode, which involves a higher work rate for the user, as well as for users who are more impaired and less fit. Of note, the Kozlowski and Kressler studies used a first-generation Ekso which provides upper body support through a rigid backpack and also required ceiling rail tether per manufacturer and used a front wheeled walker for support. The Evans study used the Indego which only rises up to the lower torso. In summary, EAW may provide a means of regular exercise beneficial to cardiovascular health, but this is based only on small sample sized cohort studies.
Change in Metabolism: Fat and Muscle
The possible benefits of a powered exoskeleton as an exercise tool have been noted above. If powered exoskeletons can provide a sufficient exercise stimulus, EAW might have the potential to improve metabolic health by decreasing total fat mass and increasing muscle mass. Karelis et al. [34] found 3 60-min sessions of EAW in the Ekso per week for 6 weeks led to an increase in leg and appendicular lean body mass, and a decrease in total, leg, and appendicular fat mass in 5 individuals with SCI (mean, 7.6 years; AIS A or B). However, total body weight and body mass index were increased. Future clinical trials of powered exoskeletons are needed that include outcome measures such as metabolic expenditure, obesity, insulin resistance, and lipid profiles so that these potentially beneficial effects of EAW can be further elucidated.
Bowel Function
Neurogenic bowel, including prolonged transit time and bowel dysmotility, is a common secondary medical complication after spinal cord injury [78] . The use of powered exoskeletons has been hypothesized to improve bowel function based on previous studies investigating the benefit of both upright posture and mobility on intestinal motility. One study involving 24 individuals with SCI (time since injury and AIS score not reported) compared the effects of EAW and BWSTT on bowel function, both of which involve an upright walking motion [37] . The results showed that 20 min of EAW (4 times per week for 1 month) on an unspecified exoskeleton significantly reduced both enema dose and defecation time (n = 12), whereas the same dose of BWSTT had no effect on bowel function (n = 12). Additionally, in a study conducted by Esquenazi et al. [27] , subjects were asked to report on bowel function following 24 sessions in the ReWalk powered exoskeleton (60-90 min per session; approximately 3 sessions per week). In response to the questionnaire item; BDuring the period when I was using the device I felt an improvement in my intestinal activity,^5 of 11 subjects (≥ 1 year; AIS A or B) reported improved bowel regulation. Similarly, in a study by Kozlowki et al. [35] , 2 of 7 participants (0.4-7.4 years; AIS A, B, or C) noted more regular bowel movements that were easier to manage after 30 min of EAW using the Ekso. However, a study involving 6 individuals with SCI (> 6 months; AIS A or B) undergoing rehabilitation using the ReWalk found no improvement in reported bowel function in response to the questionnaire item: BI felt improvement in my bowel movement during the training program^ [29] . Overall, some studies indicate a potential benefit of EAW on bowel function and some did not; however, future clinical trials of powered exoskeletons should include changes in gastrointestinal function in their outcome measures to further describe any potential benefits.
Quality of Life
Regaining function in the legs is 1 of the top priorities for patients with SCI [18] . EAW offers a realistic possibility of fulfilling this priority, even in patients with complete or incomplete paralysis. Therefore, the psychological effects of rehabilitation using powered exoskeletons have been investigated, with several studies demonstrating positive effects on quality of life scores. For example, 21 individuals with SCI (2-330 months; AIS A, B, or D) reported moderate positive changes in activity limitations, symptoms, emotions, and overall quality of life following 7-25 min of walking in the Ekso powered exoskeleton [28] . These participants also provided high scores on questionnaire items related to positive sensations/opinions and low scores for negative experiences, indicating a positive overall attitude towards powered exoskeletons. Moreover, in a 2-case report by Cruciger et al. [30] , both subjects (10 and 19 years; AIS A) reported increased health-related quality of life scores for all 8 domains of the Short Form Health Survey (SF-36). Similarly, a case study involving 1 individual with paraplegia (1 year; AIS C) who was not independently ambulatory reported increased scores in 6 out of 8 areas of the SF-36 (physical functioning, physical role function, physical pain, general health, vitality, physical well-being) following 6 months of rehabilitation with the ReWalk powered exoskeleton [38] . Overall, the use of powered exoskeletons, both to stand upright and to walk, has consistently been shown to improve health-related quality of life measures in these few small studies.
Bone Health
Bone loss and the resulting osteoporosis are common secondary outcomes associated with SCI and occur at a rapid rate acutely after injury, before persisting at a slower rate for an extended period of time [79] . This bone loss predisposes individuals with SCI to fractures, especially at the distal femur and proximal tibia [79] [80] [81] . Bone loss is believed to be caused by a combination of factors including changes in bone metabolism due to hormonal deficiencies and bloodcirculation abnormalities that can affect bone cell differentiation, as well as a reduction in mechanical forces from both weight-bearing activities and muscle contractions that promote the remodeling of bone [82] . Subsequently, it has been hypothesized that weight bearing in a device such as a powered exoskeleton may ameliorate the progressive loss of bone mineral density (BMD) [34] . To the authors' knowledge there is only one published study documenting the effect of EAW on bone health following SCI [34] . In this study by Karelis et al. [34] , 5 individuals with SCI (mean, 7.6 years; AIS A or B) who use a wheelchair as their primary mode of mobility were training on a powered exoskeleton (Ekso) for 6 weeks (3 sessions per week; up to 60 min per session). BMD total and of the leg (with no further specification regarding location) was measured with dual energy X-ray absorptiometry (DXA) and BMD of the right tibia at the 66% site (measured distal to proximal) was assessed with peripheral quantitative computed tomography (pQCT). These authors reported a nonsignificant 14.5% increase in BMD in the tibia as measured by pQCT. Measurements using DXA were much smaller in absolute value and also not statistically significant. There was 1 participant out of 5 who had an improvement in BMD which shifted his diagnosis from osteoporosis to osteopenia, although this participant's individual raw data is not presented. It remains to be seen whether a greater training volume may elicit meaningful effects in preserving BMD following SCI.
Fractures
Risk of bone fractures has been associated with the use of powered exoskeletons due to decreased BMD coupled with unfamiliar forces placed on the paralyzed limbs during EAW, and/or the potential for misalignment and excessive torques of the exoskeleton during set-up and use coupled with a lack of pain response [83] . A previous meta-analysis by Miller et al. [60] found 9 out of the 14 reviewed studies reported on fractures, with 1 of the 9 reporting an occurrence of fracture. This equated to a 3.4% incidence of bone fracture with EAW. In order to decrease the risk of fracture, some SCI studies involving powered exoskeletons screen for osteoporosis, but the extent to which fracture is a risk at specific levels of BMD is unknown. There are efforts to determine fragility fracture risk stratification levels in the SCI population and comparing risk with already established tools used in the able-bodied population [84] .
We found 2 published cases of fracture from use of the included reviewed powered exoskeleton in SCI individuals [41, 85] , none of whom were screened for osteoporosis before study enrollment, although the risk of fracture is unknown with or without a diagnosis of osteoporosis. The first involved 10 participants (> 1 year; AIS A or C) who were to complete 20 sessions with the ReWalk in a 10-week period [41] . The subject who sustained the fracture (21.8 years; AIS A) presented with a swollen ankle the morning after the fourth training session and was found to have a hairline fracture of the talus. No treatment was required, but EAW was discontinued. Study eligibility criteria were subsequently adjusted to exclude those with a diagnosis of severe osteoporosis as identified by DXA or peripheral quantitative computed tomography (pQCT), although the location these measurements are taken and the numerical cut-offs are not defined. Severe osteoporosis according to the World Health Organization is defined as a DXA score of < 2.5 and the presence of at least 1 fragility fracture. In a recent study by Gagnon et al. [85] , 1 subject (8.6 years; AIS A) out of 13 (0.8-31.4 years; AIS A or B) sustained bilateral calcaneal fractures after 2 familiarization sessions and 1 training session in the Ekso exoskeleton. Although the exact etiology is unknown, the authors pointed to increased fracture risk in the calcaneus due to elevated vertical ground reaction forces at heel strike during EAW [86] . This study by Gagnon et al. [85] did not have an exclusion criterion based upon BMD; participants would instead be excluded only if there was history of lower extremity fracture within the last year.
Both of these incidences of fractures [41, 85] involved individuals who sustained their SCI at least 5 years previously. The incidence rate of 3.4% provided by Miller et al. [60] may therefore underestimate the risk for individuals who are further postinjury, with more advanced levels of BMD loss.
Of the 14 studies in the meta-analysis by Miller et al. [60] , only 3 started with objective measurable exclusion criteria for osteoporosis, and those criteria differed between studies: Esquenazi et al. [27] excluded osteoporosis as defined by a BMD t score via DXA below − 2.5 at the right-limb femoral neck and the L2-L4 spine; Yang et al. [87] excluded those with DXA results indicating a t score below − 3.0 at the lumbar spine and bilateral proximal femurs or knee BMD less than 0.70 g/cm 2 , and Spungen et al. [40] similarly excluded those with a knee (femoral neck or proximal tibia) BMD less than 0.70 g/cm 2 , or a hip t score less than − 3.0. Kozlowki et al. [35] reported a subjective, nonspecific exclusion criterion of Brisk of bone fracture as determined by the physician screener.^As tallied in a separate review of 28 studies involving the Rex, HAL (a body weight-supported device), Ekso, ReWalk, and Indego [83] , bone health was mentioned in 71% of the studies, but reporting was inconsistent. The threshold of exclusion differs between studies. It is yet unknown whether fracture risk can be decreased by initiating BMD screening, but efforts are underway to establish risk stratification guidelines [84] . Until guidelines are established, there is risk of excluding potential participants based on BMD criteria who are not at risk of fracture, although conversely with screening and BMD cut-offs, some fractures could potentially be avoided.
Ambulation
EAW can be an effective neurorehabilitation exercise, but is also touted as a potential alternative means of mobility for people with paralysis following SCI. In its current state, EAW still lags behind community ambulatory speeds. Reported walking speeds for the Ekso™ in a trial with 7 participants with 5 motor complete (AIS A or B), and with 1 participant C4 AIS B were between 0.11 and 0.21 m/s [35] , with the C4 AIS B participant walking fastest and learning fastest, hypothesized to be due to his younger age and shorter duration of time since onset of injury. The studies involving the ReWalk™ included 1 with 6 participants with cervical to thoracic motor complete injuries that demonstrated significantly faster speeds on the 10-MWT the lower the injury [29] , a 12 subject study with all complete thoracic level injuries that also demonstrated the same trend of performance influenced by injury level [27] , and a study with 5 subjects, mixed incomplete and complete showed more improvement in walking speed in those with complete injury, with the final range in speeds from 0.25 to 0.48 m/s [27, 29, 41] , In a trial with 16 participants, the Indego® demonstrated a range of 0.22 to 0.51 m/s with the fastest speeds corresponding to the lower levels of injury in a majority of motor complete (AIS A or B) participants [45] . All of these reported speeds in different devices, despite being target speeds that are difficult to reach, are below the commonly accepted threshold of 0.8 m/s for full community ambulation [50, 88] . Moreover, these speeds do not approach the required velocity to cross a road safely, approximately 1.06 m/s [89] , which limits usage of these devices in the wider community. Also, not all individuals with spinal cord injury are able to navigate the technology and use of an exoskeleton device and therefore EAW would not be an option.
Robotics and Adjunct Methods
The field of rehabilitation robotics is growing rapidly and shows great promise due to the ability of robots to deliver both high-quality and quantity repetitions of therapeutically meaningful movements to patients. Although there is no substitute for high intensity physical therapy, there are certain adjuncts to rehabilitation that have been identified as rehabilitation Bmodulators^: techniques with the potential to enhance or multiply the effects of conventional rehabilitation [90] . Here, we will discuss the evidence surrounding some of these potential robotic neurorehabilitation modulators.
Noninvasive Brain Stimulation
Transcranial direct current stimulation (tDCS) causes subthreshold polarization of neuron membranes [91, 92] and is capable of modulating corticospinal excitability to muscles affected by SCI [93] . Moreover, tDCS may facilitate plasticity via polarity-specific modulation of both GABAergic and glutamatergic synaptic strength [94] . Thus, tDCS has the potential to modulate responses to robotic neurorehabilitation. tDCS has also shown the potential to improve motor function in chronic SCI as a single treatment methodology [95] and is therefore of particular interest to researchers and clinicians already using rehabilitation robotics.
Two recent studies have indicated that tDCS may have the potential to augment the therapeutic benefits of robot-assisted neurorehabilitation in chronic SCI individuals; 1 with tDCS applied as an adjunct to upper limb movement training [96] and 1 with tDCS applied in combination with EAW [96, 97] . Both studies involved a double-blind, randomized, shamcontrolled trial design with subjects undertaking robotassisted movement training immediately following 20 min of either active or sham tDCS. Yozbatiran et al. [96] found individuals with cervical SCI (> 6 months; AIS C or D) demonstrated greater improvement in arm and hand function scores on the Jebsen-Taylor Hand Function Test with active (n = 4) versus sham tDCS (n = 4) following 10 sessions of tDCS paired with upper extremity movement training using the MAHIExo-II exoskeleton. Similarly, Raithatha and colleagues [97] found traumatic SCI individuals (> 1 year; AIS B, C, or D) that received active tDCS (n = 9) demonstrated greater improvements in manual muscle testing scores for the right leg when compared to subjects in the sham tDCS group (n = 6) following 36 sessions of tDCS paired with locomotor training using the Lokomat. In contrast, 1 investigation found no additional benefit of tDCS as an adjunct to locomotor training in the Lokomat in 24 individuals with cervical or thoracic SCI (>1 year; AIS C or D) [98] . Each subject completed 20 sessions of locomotor training immediately after 20 min of either active or sham tDCS, over 4 weeks, during which time they continued to receive a comprehensive standard of care including 5 h of various rehabilitation therapies and fitness training per weekday. Both active and sham tDCS groups (n = 12) improved function after the 4-week trial; however, tDCS had no effect on lower extremity motor score, 10-m walk test or the WISCI II [98] . The cause for the discrepancy in the results of these 3 studies is unclear. One could speculate that the high volume of rehabilitation being undertaken by the subjects in the study by Kumru et al. [98] could have washed out any supplementary effects of tDCS on a small portion of this total rehabilitation. However, active tDCS had no effect on walking metrics, such as the 10-m walk test, in either study involving locomotor training [97, 98] , and limb strength was not improved by active tDCS in 2 of the 3 studies [96, 98] . This variability in results is also reflective of the wider tDCS literature as a whole [99] , including similar studies involving robotic neurorehabilitation paired with tDCS in stroke survivors [100] . The efficacy of tDCS remains to be established as a single treatment modality in SCI and more basic research on its effects on the nervous system are required before pairing with robotic neurorehabilitation is justified.
Repetitive transcranial magnetic stimulation (rTMS) is another noninvasive neuromodulation technique, which directly perturbs neuronal firing and ongoing network activity by evoking action potentials in the cortex underlying the TMS coil. rTMS can induce synaptic plasticity [101] and subsequently has the potential to modulate responses to robotic neurorehabilitation. Despite this, the use of rTMS as an adjunct to robotic rehabilitation has received little attention within the SCI literature.
Calabrò et al. [102] provide a case report of 1 subject with SCI who demonstrated substantial benefits of robotassisted locomotor training paired with rTMS, compared to the robotic rehabilitation alone. In this report, a 31-year-old male who sustained an incomplete traumatic SCI 20 months previously (AIS C at enrollment) completed 40 40-min locomotor training sessions in the Lokomat over 8 weeks. After a 1-month interval, this entire protocol was repeated with the training performed immediately following rTMS on 9 visits over the first 3 weeks of the 8-week protocol. The robotassisted training alone provided only a mild reduction of hip and knee stiffness, which returned to baseline levels after 1-month follow-up (prior to the second installment of training). Conversely, when paired with rTMS, the same training protocol resulted in a significant reduction of hip and knee stiffness, increased hip extension strength, and higher motor evoked potential amplitude. The subject's lower extremity motor score was also increased from 3 to 9 (of a maximum 25; as the left and right legs were not scored separately), and he was reclassified as AIS D. Although impossible to rule out both time and order effects, and the lack of blinding contributing to the benefits observed following the robot-assisted locomotor training paired with rTMS, this report provides an intriguing indication of the potential benefits of rTMS as an adjunct therapy to robotic neurorehabilitation. Appropriately blinded randomized control trials are required to explore the effects of rTMS paired with robot-assisted rehabilitation on the restoration of motor function following SCI. This call for further investigation echoes those made by reviews of both rTMS alone and rTMS paired with robotic neurorehabilitation in stroke patients [103, 104] .
Overall, tDCS and rTMS may have the potential to facilitate neuroplastic changes at the cortical and/or spinal levels when combined with existing robotic neurorehabilitation therapies, but insufficient evidence is currently available to advocate their use in clinical settings. Further research is needed with regard to dosing, application timing, cortical targeting, and underlying mechanisms of both tDCS and rTMS, which may enable interventions to be tailored to individual patients.
Brain Machine Interfaces
Brain machine interfaces (BMIs) involve the pairing of assistive devices with a brain signal recording device. This recording device may be surgically implanted within the individual's skull or placed noninvasively over the scalp. The recorded brain signals are decoded and turned into an instruction to control the assistive device. BMI-controlled neuroprosthetics can replace lost motor function in humans [105, 106] . Ostensibly, BMIs can also be paired with robotic neurorehabilitation devices to restore function following SCI; however, this possibility has received a paucity of attention.
Donati et al. [107] conducted a 12-month multimodality rehabilitation program with 8 subjects with chronic complete paraplegia (3-13 years; AIS A or B); central to which was the involvement of electroencephalography-based BMI training to control a robotic gait orthosis (Lokomat), lower limb robotic exoskeleton, and a virtual reality avatar body. The goal of the program was to restore the ability to walk autonomously using a brain-controlled exoskeleton; however, all 8 of the subjects demonstrated clinically significant improvements in somatic sensation and voluntary motor control of muscles below their SCI, with half of the subjects subsequently upgraded to AIS C (incomplete SCI) at 12 months. The authors concluded that long-term practice of BMI-integrated neurorehabilitation may promote both cortical and spinal cord plasticity, capable of underpinning a partial neurological recovery; however, it is not clear how or to what extent each individual rehabilitation modality influenced these outcomes.
Combining BMIs with robotic orthoses might pair volitional efferent signals from the brain with physiologically relevant afferent signals generated by movements of the limbs in the robotic device (either actively or passively, depending on the extent of the SCI). This could facilitate the restoration of corticospinal transmission, as indicated by studies involving paired associative stimulation that have demonstrated plastic effects in both the cortex [108] and spinal cord [109] , which are sufficient to improve motor function after SCI [110, 111] . Theoretically then, BMIs might provide an effective adjunct to robotic neurorehabilitation; however, for now, the prospect of BMI-controlled robotic neurorehabilitation devices for SCI remains a concept discussed more frequently in review articles (such as this one) than in original research papers investigating efficacy. Barriers to the adoption of these technologies include high cost and additional time requirements; however, the biggest limiting factor in the spreading of this technology may be the number of experts able to construct and implement these systems. Future research and development must progress beyond single subject, proof of concept studies, to include randomized control trials that can be overseen by trained, but not BMI expert, operators.
Gamification and Virtual Reality
In neurological rehabilitation, level of engagement during rehabilitation is known to have a significant effect on active participation [112] , which is thought to promote cortical plasticity [113] and improve outcomes in neurological patients [114] . As such, integrating gamification techniques into existing models of neurorehabilitation to increase participant engagement has become a priority in the last few years [115] . Although the available literature is sparse, there is evidence to suggest that gamifying robotic rehabilitation can be beneficial in improving participant engagement [116] [117] [118] . In particular, the application of virtual reality technologies is emerging as an efficacious method of increasing active participation through gamification. Novel virtual reality environments have been demonstrated to enhance motor output in single sessions of robot-assisted gait rehabilitation in children with various neurological disorders [119] [120] [121] . Moreover, Zimmerli et al. [122] investigated the effects of virtual reality mediated gamification of lower limb robotic rehabilitation in adults with SCI. In a small correlational trial consisting of 22 participants (10 healthy controls and 12 with SCI 0.3-18.7 years; AIS A-D), Zimmerli and colleagues [122] found that more engaging virtual environments involving feedback on the walking speed of the controlled avatar and competition with virtual opponents resulted in significantly higher heart rate and muscle activity in the gastrocnemius medialis, rectus femoris, tibialis anterior, and biceps femoris muscles during training on the Lokomat robot. In stroke, 1 longitudinal randomized control trial compared 12 sessions of robot-assisted gait training either with (n = 11) or without (n = 14) the presentation of a virtual reality environment [123] . Although only a pilot trial with a small sample size, the results show a tendency for greater functional improvements in the virtual reality group, with consistent increases in lower limb muscle strength found only in the virtual reality intervention group [123] . Overall, gamification of robot-assisted rehabilitation using engaging and interactive virtual reality set-ups shows promise across multiple fields of neurorehabilitation and warrants further investigation in SCI populations.
Conclusions
There are many promising interventions using robotics to improve the mobility, function, and quality of life of those living with spinal cord injury. Continued research into the development of even more streamlined and seamlessly integrated technology is needed. Larger, more extensive studies of upper extremity robotics are needed to further explore their efficacy given the positive outcomes of the limited current literature. Studies of lower extremity robotic exoskeletons have been more extensive and have shown them to be feasible, safe, and deliver results in gait that could in the future begin to near comfortable walking speeds. With the development of new exoskeleton systems around the world, the potential for growth in this sector and further benefit on rehabilitation and mobility is just beginning. In addition, evidence points to the positive effect of lower extremity exoskeletons on secondary medical conditions following SCI, but further clinical study is required to delineate dose requirements and more objective outcomes. Already, robotic technology and the adjunct methods discussed above are being used therapeutically with positive outcomes, and that opens the door to push further and to develop more innovate ways to promote plasticity and recovery. The current state of neurorehabilitation with robotics is promising and the future exciting. With time, robotic technology for both upper and lower extremities could push the limits of SCI rehabilitation.
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